Introduction
The locus coeruleus-norepinephrine (LC-NE) system is thought to act at synaptic, cellular, microcircuit, and network levels and modulate sensory-motor responses and prefrontal cortex activity to facilitate cognitive functions, including attention, emotion, decision-making, motivation, learning and memory (Aston- Jones et al. 1999; Berridge and Waterhouse 2003; Corbetta et al. 2008; Kehagia et al. 2010; Arnsten et al. 2012; Sara and Bouret 2012) . Based on neuronal properties revealed in animal models (Aston-Jones et al. 1991; Rajkowski et al. 1994; Bouret and Sara 2004) , it has been proposed that the LC-NE system acts as an "interrupt" signal (Dayan and Yu 2006) or "network reset" signal (Bouret and Sara 2005 ) that allows flexible reconfiguration of brain networks to adapt and respond appropriately to the current context (Servan-Schreiber et al. 1990; Aston-Jones and Cohen 2005) . The challenge is to understand how such a specific effect arises from the "nonspecific", widely distributed, ascending projections of the LC-NE system.
Here, we sought to provide evidence for NE-dependent whole-brain network reconfiguration. All theories about LC-NE function being based on data acquired in animal models (rodents and non-humans primates), we conducted this study in monkeys. We used the whole-brain approach afforded by functional magnetic resonance imaging (fMRI) to assess NE-dependent brain network reconfiguration. We focused on the resting-state condition to eliminate any task-specific changes and to circumvent confounds that can complicate interpretation of task-based studies. We measured changes in functional connectivity induced by intramuscular injections of atomoxetine (ATX, 0.5 mg/kg). ATX is currently used in the pharmacotherapy of attention deficit/hyperactivity disorder (Swanson et al. 2006; Garnock-Jones and Keating 2010) . It has been shown to affect dopamine levels in prefrontal cortex (Morón et al. 2002) and could also potentially affect NMDA transmission (Di Miceli and Gronier 2015) . Its main action, however, is to increase extracellular levels of NE by occupying the presynaptic norepinephrine-reuptake transporters (Wong et al. 1982; Bymaster et al. 2002; Swanson et al. 2006) . It also improves the LC signal-to-noise ratio and modulates the coupling between the LC and cortical regions (Bari and Aston-Jones 2013) .
A few functional connectivity studies have tested the effects of NE modulators in humans and rats at rest (Easton et al. 2007; Marquand et al. 2012; Farr et al. 2014; Metzger et al. 2015) , but none has investigated interactions between and within large brain networks to reveal putative network reorganization mediated by the LC-NE system. Our objective was to measure the changes in brain activity pattern following ATX injection. We reasoned that ATX would enhance NE availability within several brain regions while reducing LC activity via inhibitory autoreceptors and induce large-scale brain network reconfigurations. To test this hypothesis, we assessed ATX-induced changes in (1) the interactions within and between associative, sensory-motor and subcortical brain networks, and (2) the functional connectivity pattern of the brainstem region including the LC.
Methods

Subjects
Three female rhesus monkeys (Macaca mulatta) were examined in the study: CE (age, 10 years; weight, 5.5 kg), CA (12 years; 5.5 kg), and CI (5 years, 6 kg). CE underwent surgery under anesthesia during which a plastic head post was secured by plastic screws and bone cement on its skull. CA and CI were tested with a non-invasive head-restrained helmet system (HadjBouziane et al. 2014) .
Ethics
This study was conducted in strict accordance with Directive 2010/63/UE of the European Parliament and the Council of 22 September 2010 on the protection of animals used for scientific purposes, enacted into French law in February 2013. The project was authorized by the French Ministry for Higher in accordance with the French transposition texts of Directive 2010/63/UE. This authorization was based on ethical evaluation by the French Committee on the Ethics of Experiments in Animals (C2EA) CELYNE registered at the national level as C2EA number 42.
Drug Administration
ATX (0.5 mg/kg, Tocris Bioscience, Ellisville, MO), an inhibitor of NE reuptake, or saline (control condition) injections was administered intramuscularly 1 h before the scanning session. In monkeys, ATX, at the dose of 0.5 mg⁄kg, induces an estimated 94% of NE-reuptake transporters occupancy (Takano et al. 2009) and improves working memory without side effects (Gamo et al. 2010) . There was at least a 1-week washout period between saline or ATX injections. ATX was diluted in sterile saline immediately prior to injection. Monkeys received either 0.1 ml/kg ATX solution or 0.5 ml of saline.
Scanning Procedures
Before each scanning session, an exogenous contrast agent (Feraheme ® , 10 mg/kg) was injected into the saphenous vein to increase the contrast-to-noise ratio and optimize the localization of the fMRI signal. During the scans, the alert monkey was placed into the magnet bore in the dark. Imaging data were collected on a 1.5 T MAGNETOM scanner (Siemens AG, Erlangen, Germany). Functional data from the whole brain were acquired with a gradient echo sequence lasting 13.33 min and a custommade 9-cm receive surface coil (Rapid Biomed) (TR = 2 s; TE = 27 ms; 2 × 2 × 3 mm 3 ; 400 TRs per run). These long-lasting runs ensure high test-retest reliability scores (Birn et al. 2006) . A total of 6 imaging runs were acquired over 2 or 3 different days for each monkey per condition (ATX and saline conditions). Monkeys were rewarded only in between runs.
Preprocessing
Data were preprocessed using the AFNI software (Cox 1996) . The preprocessing pipeline included despiking, motion correction, and temporal filtering to extract the spontaneous slowly fluctuating brain activity (0.01-0.1 Hz). Data from all three monkeys were then realigned to the INIA 19 rhesus monkey template containing tissue probability maps and cortical and sub-cortical parcellation maps based on the NeuroMaps atlas (Rohlfing et al. 2012 ; http://nitrc.org/projects/inia19/). Finally, a linear regression was applied to remove nuisance variables (the six parameter estimates for head motion, and the cerebrospinal fluid and white matter signals from the INIA 19 segmentation, including regions of the brainstem). Spatial smoothing with a 6-mm FWHM Gaussian kernel was applied to the output of the regression.
Estimated Brain Motion and Temporal Signal-to-noise Ratio
For each animal, we extracted the estimated brain movements (three rotations and three translations) based on a motion correction algorithm. We computed absolute values of volume-tovolume displacements normalized to the first volume for each run (Power et al. 2012; Van Dijk et al. 2012 ). We then standardized each value across conditions for each motion type and monkey. We computed the mean value per run and averaged these values across volumes and motion types. To investigate the effect of ATX on estimated motion, we performed a linear mixed model, using pharmacological condition as fixed factor and monkey as random factor. For each animal and each run, we also quantified the temporal signal-to-noise ratio as the ratio of the mean signal in each voxel to the temporal standard deviation using a whole brain mask. To investigate the effect of ATX on temporal signal-to-noise ratio, we used a linear mixed model using pharmacological condition as fixed factor and monkey as random factor. Figure 1 illustrates an overview of the three steps taken to characterize the impact of ATX injections on resting-state functional connectivity. We focused on changes between and within large-scale brain networks common to all three animals after ATX injection and therefore run the following analyses at the group level.
Impact of ATX Injections on Brain Activity Pattern
1-Identification of Resting-State Networks (RSNs) Using Independent Component Analysis
We performed the probabilistic independent component analysis approach using the FMRIB Software Library's MELODIC toolbox on the full dataset, obtained by temporally concatenating across subjects and conditions (Schmithorst and Holland 2004; Calhoun et al. 2009 for review) to create a single four-dimension dataset decomposed into 20 independent components. Thirteen resting-state networks exhibited the typical bilateral pattern of resting state 'real' networks (Moeller et al. 2009 ). The remaining seven networks were either 'unilateral' (asymmetrical networks overlapping 'real' networks) or 'noise-related' (random speckle patterns and rim patterns) (Moeller et al. 2009; Hadj-Bouziane et al. 2014) . Figure 2 presents the 13 'real' networks, with Z-scores thresholded for visualization purposes with an alternative-hypothesis testing approach at p < 0.5.
2-Effect of ATX on Functional Connectivity within Networks
We investigated the differences in spatial extent and/or intensity on the thirteen real networks between ATX versus saline (control) conditions using FMRIB Software Library's dual regression that allows for voxel-wise comparisons of resting-state fMRI (Filippini et al. 2009; Zuo et al. 2010) . Note that the effect of ATX was also assessed on the seven networks that were discarded to check for any unspecific effect. This method uses the group-level spatial maps in a linear model fit against the separate fMRI datasets and provides timeseries for each component to estimate individual spatial maps (one per subject and per run). To assess the effect of ATX on the functional connectivity within RSNs, we applied FMRIB Software Library's randomise permutation-testing analysis, a non-parametric permutation test (5000 permutations performed within each subject), to detect significant voxel-wise differences in spatial maps across pharmacological conditions for the three animals. Given the null hypothesis that the labels (saline and ATX) are arbitrary, we compared the distribution of values obtained when the labels are permuted (Winkler et al. 2014) . We addressed the issue of multiple comparisons by controlling for false positives using a threshold-free cluster enhancement technique (Smith and Nichols 2009 ) associated with a family-wise error correction of p-values to create all the statistical maps.
3-Effect of ATX on the functional coupling between networks
To investigate the effect of ATX on the temporal relationships among networks, we used the "FSLNets" package (http:// fsl. fmrib.ox.ac.uk/fsl/fslwiki/FSLNets) implemented in Matlab. The first step consisted of creating matrices of partial correlations to estimate only the direct connection strengths (L1-regularized partial correlation with lambda value of 100) between all RSNs for each subject and each run based on time series generated by the dual-regression. Resulting Fisher's r correlation coefficients were Z-transformed and corrected for temporal autocorrelation using an autoregressive model AR(1) that calculate effective degrees of freedom for temporally smoothed data. Finally, to test the effect of ATX on the network interactions, we applied a cross-subject/run general linear model (including the three animals) with inference using FMRIB Software Library's randomise permutation-testing tool (5000 permutations performed within each subject) to compare the distribution of values obtained when the labels are permuted. Results were corrected for false-positive errors using p < 1/N = 0.0119, were N was the number of possible comparisons. Given our small sample size that by itself makes Type II errors more likely, such correction is less likely to increase the risk of Type II errors (i.e., false negatives, e.g., Rothman 1990; Bassett and Lynall 2013) . For visualization purposes, we created partial correlation matrices separately for each condition (ATX and saline) by averaging correlation scores across subjects and runs.
4-Effect of ATX on the Functional Connectivity of a Brainstem
Region Including the LC The effect of ATX was assessed on the functional connectivity of brainstem region including the LC. The LC nucleus was Figure 1 . Resting-sate data analysis overview: impact of ATX injections on large-scale brain networks.
identified based on the INIA19 atlas segmentation. For each animal and each run, we computed the correlation maps from each seed region (LC left and right) and converted the resulting correlation coefficients using Fisher's r-to-Z transformation. We then averaged them to yield the mean bilateral functional connectivity map of interest. Finally, to test the effect of ATX on the functional connectivity map of this region, we applied a cross-subject/run general linear model with inference using FMRIB Software Library's randomise permutation-testing tool (5000 permutations performed within each subject. Results were corrected for multiple testing by applying both thresholdfree cluster enhancement technique and family-wise error correction. A neighboring region of the LC nucleus in the brainstem was also selected as a control region. The effect of ATX on the functional connectivity of this region was also assessed (Supplementary material, Figure S1 ).
Results
We checked for any effect of ATX on estimated brain motion and temporal signal-to-noise ratio during scans but found no differences between pharmacological conditions (ATX versus saline) [estimated brain motion: χ2 = 0.0003, p = 0.99; temporal signal-to-noise ratio: χ2 = 1.44, p = 0.23]. The functional connectivity patterns were then compared between conditions by both independent component analysis and seed-based analysis.
Resting-State Networks Revealed by Independent Component Analysis
Using the probabilistic independent component analysis approach, we decomposed the full fMRI dataset into 20 ICs. Figure 2 illustrates the 13 group-average RSNs revealed across monkeys and conditions (saline and ATX). They included nine cortical networks and four subcortical networks. The nine cortical networks comprised four associative networks: the default-mode network, the prefrontal network, the saliency network (encompassing the amygdala), and the fronto-parietal network (linking the lateral intraparietal area to the frontal eye fields), and five sensory-motor networks: the somatosensory, somatomotor, peripheral visual, foveal visual and superior temporal sulcus networks. The four subcortical networks comprised: the basal ganglia, thalamic and cerebellar networks, plus a brainstem network including the LC region.
ATX-induced Reconfigurations within and Between Independent Component Analysis-identified Resting State Brain Networks
First, we examined the functional connectivity between resting state brain networks following ATX injection. Injection of ATX significantly modified the functional coupling of the independent component analysis-identified brainstem network including the LC region with four other RSNs (Fig. 3B) . Specifically, functional coupling with the fronto-parietal, somatosensory, and cerebellar networks increased, whereas functional coupling with the prefrontal network decreased. Among these changes, only the functional coupling between the brainstem and the fronto-parietal network exhibited a shift from negative in the saline condition to positive after ATX administration. Boosting NE transmission also reduced virtually all interactions between associative and sensory-motor networks (Fig. 3A,  green lines) . We computed the density plot of the significant Z-score differences between ATX and saline conditions for the associative/sensory-motor network interactions and found a negative shift (Fig. 3A, insert) . Among these changes, we found that the functional coupling of the fronto-parietal network significantly decreased with two sensory-motor networks, the somatosensory and the somatomotor networks, but remained positive ( Fig. 3C and C') . The functional coupling of the saliency network encompassing the amygdala with the superior temporal sulcus and somatomotor networks decreased, as did the functional coupling between the default mode and the superior temporal sulcus networks. Only the functional coupling between the prefrontal network and the peripheral visual network increased following ATX injection. Finally, other more modest effects of ATX were found between sensory-motor networks and subcortical structures that included the basal ganglia, the thalamic and the cerebellar networks (Fig. 3B) .
Second, we examined the functional connectivity within resting state brain networks following ATX injection. ATX injection led to a significant decrease in correlation strength within one associative network (the fronto-parietal network) and within four sensory-motor networks (the somatosensory, somatomotor, superior temporal sulcus and peripheral visual networks, (Fig. 4, Table S1 , all p-values < 0.05).
Collectively, our results show that ATX injection switched functional connectivity between the brainstem network including the LC region and the fronto-parietal network from negative to positive, while attenuating the positive functional coupling between associative and sensory-motor networks and within sensory-motor networks.
ATX-induced Changes Revealed by a Brainstem Region Including the LC
A seed-based approach (Fig. 5) revealed that ATX significantly increased the correlation strength between the brainstem region including the LC and a set of brain areas, comprising the amygdala, a large cluster including the lateral and ventral intraparietal areas, as well as clusters in the superior temporal sulcus and ventral somatosensory regions (all p-values < 0.05, Table S2 ). Importantly, these changes were not present when another brainstem region, excluding the LC, was selected, suggesting that the effect reported here do not reflect a global feature of the lower brainstem nuclei (Supplementary material, Figure S1 ).
Discussion
Activity of noradrenergic LC neurons is believed to induce brain network reconfigurations to flexibly regulate cognitive functions critical for adaptive behavior (Aston- Jones and Cohen 2005; Bouret and Sara 2005; Yu and Dayan 2005) . To directly test this hypothesis while eliminating any task-specific changes and limiting confounds that can complicate interpretation, we enhanced NE transmission using ATX and examined ensuing changes in resting-state functional connectivity in monkeys. Boosting NE transmission led to reorganization of brain activity between and within multiple RSNs. It changed: (1) the functional connectivity pattern of a brainstem network that included the LC region, (2) the interactions between associative and sensory-motor networks and (3) the correlation within sensory-motor networks. The fronto-parietal network appeared to be at the heart of most decisive changes following ATX administration, possibly driving ATX-induced reorganization of sensory-motor networks.
Boosting NE Transmission Induces Extensive Brain Network Reorganizations
ATX acts by preventing the reuptake of NE, leading to an increase of the post-synaptic effect of LC activation in each Regions that displayed a significant increase in correlation strength after ATX injection are shown in red, whereas those that displayed a significant decrease in correlation strength after ATX injection are shown in blue (p < 0.05, family-wise error-corrected). ATX injection induced decreases of functional connectivity of four sensory-motor networks and the fronto-parietal network. Abbreviations: as = arcuate sulcus, ips = intraparietal sulcus, ls = lateral sulcus, lus = lunate sulcus, ps = principalis sulcus, sts = superior temporal sulcus; ATX = atomoxetine; R = right hemisphere. target area. The LC nucleus is a privileged site of action for ATX as it contains the highest density of NE-reuptake transporters in the brain ). The resulting increase in NE concentration following ATX injection is also expected to act on inhibitory autoreceptors (Aghajanian et al. 1977 ) and reduce LC activity (Bari and Aston-Jones 2013) . Bari and Aston-Jones (2013) found that systemic ATX injection in rats modified both LC responses and the coupling between the LC and cortical activity. Previous studies have also shown that ATX injection increased the level of NE in different brain regions innervated by the LC, including the prefrontal cortex (Bymaster et al. 2002; Seneca et al. 2006) . Here, we first show that boosting NE transmission impacted the functional connectivity pattern of the brainstem network including the LC region. Following ATX injection, the brainstem network encompassing the LC region displayed enhanced functional coupling with the frontoparietal, somatosensory, and cerebellar networks, and decreased functional coupling with the prefrontal network. Among associative networks, the saliency, prefrontal, and default mode networks, exhibited a positive correlation in the control (saline) condition. The fronto-parietal network stood out as the sole associative network negatively correlated with the brainstem network including the LC region in the normal (saline) condition switching to a positive correlation under ATX. Second, we found that ATX decreased the functional connectivity between associative and sensory-motor networks, and in particular between the fronto-parietal network and the somatomotor and somatosensory networks. The widespread down-regulation of functional connectivity between associative and sensory-motor areas may reflect a decrease in cerebral blood flow in sensory-motor areas, as shown in anesthetized rats after both ATX and methylphenidate administration (Easton et al. 2007 (Easton et al. , 2009 ). Finally, boosting NE transmission led to local changes within sensory-motor networks, decreasing their functional connecting. These changes resemble those reported within somatomotor and visual RSNs following the administration of the NE/dopamine reuptake inhibitor methylphenidate (Mueller et al. 2014) .
Altogether, the cascade of events following enhanced NE transmission, reported here for the first time, reflects the complex influence of neuromodulators on large brain network activity. This influence likely results from a dynamic and complex interplay of an enhanced NE availability within the post-synaptic clefts of target regions and the down-regulation of LC activity via inhibitory autoreceptors on brain connectivity pattern. Previous studies have shown that the LC-NE system modulates synchronous oscillatory activity in several brain regions (Delagrange et al. 1993; Walling et al. 2011) . Changes in synchronous oscillatory activity are thought to reflect changes in neuronal interaction among interconnected networks (Fries 2005) . Although the precise relationship between neural activity and hemodynamic response is still unclear, it is possible that the changes in functional connectivity that we reported here reflect changes in neuronal coherence between and within these brain networks. Using a whole brain approach, we demonstrate that boosting NE transmission influences the dialog between large-brain scale networks at different levels by adjusting the functional connectivity between brainstem regions and associative networks, between associative and sensory-motor networks as well as within sensorymotor networks.
Zooming into the Functional Connectivity Pattern of a Region-of-Interest Including the LC
We also examined the functional coupling of a brainstem region-of-interest including the LC based on the INIA 19 segmented atlas (Rohlfing et al. 2012) after regressing out the signal from the ventricles. Following ATX administration, we found that the functional coupling of this seed increased with a set of structures, including the amygdala, and the lateral intraparietal and ventral intraparietal areas in the intraparietal sulcus. Both of these regions receive dense projections from the LC (Fuxe et al. 1968; Gatter and Powell 1977; Jones and Moore 1977; Moore and Bloom 1979; Foote et al. 1983 ) and have both been suggested to participate in the LC-NE dependent brain state reconfiguration to optimally interact with the environment (Corbetta et al. 2008; Markovic et al. 2014) . Our results provide empirical evidence of an enhanced functional coupling among these regions following a boost in NE transmission. As discussed above, ATX injection increases NE availability within the post-synaptic clefts of the target regions and down-regulate LC activity via inhibitory autoreceptors. Our results show that these mechanisms modulate the pattern of activity between a brainstem region including the LC and cortical regions.
ATX may also directly affect NE-reuptake transporters within other brainstem nuclei such as the raphe nuclei and act on NMDA receptors, when administered at clinically relevant doses (Udvardi et al. 2013; Di Miceli and Gronier 2015) . Also, although ATX at low doses such as 0.3 mg/kg increases NE extracellular concentration twice as much as dopamine extracellular concentrations in the prefrontal cortex (Bymaster et al. 2002; Upadhyaya et al. 2013 ), a contribution of dopamine transmission in the observed network reorganization cannot be excluded. The recent development of NE-selective positron emission tomography radiotracers such as the α2-selective . Functional connectivity pattern of a brainstem region including the LC in ATX versus saline conditions. Regions that displayed a significant increase in correlation strength after ATX injection are shown in red, whereas those that displayed a significant decrease in correlation strength after ATX injection are shown in blue (p < 0.05, family-wise error-corrected). ATX injection increased the functional connectivity between the brainstem region including the LC and parietal areas, the amygdala, and somatosensory regions. Abbreviations: as = arcuate sulcus, ips = intraparietal sulcus, ls = lateral sulcus, lus = lunate sulcus, ps = principalis sulcus, sts = superior temporal sulcus; ATX = atomoxetine; R = right hemisphere.
Possible Implications for the Role of NE Transmission on Cognitive Functions
Previous behavioral studies have shown that boosting NE transmission affect a wide range of cognitive functions, including attention, emotion, decision-making, motivation, learning and memory (Aston- Jones et al. 1999; Berridge and Waterhouse 2003; Corbetta et al. 2008; Kehagia et al. 2010; Arnsten et al. 2012; Sara and Bouret 2012) . These effects have been mostly associated with NE-mediated changes locally in particular within the prefrontal cortex (e.g. Aston- Jones and Cohen 2005; Bouret and Sara 2005; Robbins and Arnsten 2009 ). In line with theoretical models, here we provide empirical evidence that boosting NE transmission lead to large-scale changes, including changes within and between large-scale brain networks. While the changes reported here have been found at rest, similar mechanisms could also accompany behavioral changes following enhanced NE transmission in a specific manner depending on the cognitive process at play. For instance, our findings nicely fit with the theoretical framework proposing LC-NE-mediated changes associated with attention reorientation (Corbetta et al. 2008 ). In addition, it has been suggested that NE-dependent regulation of neural activity within sensory cortices enhances sensory processing by improving signal-to-noise ratio, which in turn reduces distractible behaviors and refocuses attention to salient stimuli (Berridge and Waterhouse 2003) . A recent monkey electrophysiological study found that a reduction in coherence between V4 visual area neurons was associated with attentional shifts (Cohen and Maunsell 2009; Mitchell et al. 2009 ), particularly in the low-frequency range (<5 Hz). Given that electrophysiological evidence suggests that resting-state fMRI signals are best correlated with slow cortical potentials (Lu et al. 2007; He et al. 2008) , could these changes in both brain network organization and in the low-frequency range be associated with attentional processes dependent on the LC-NE system? This speculation provides a challenging question to be answered in future studies. Combining pharmacological manipulations with whole-brain fMRI provides a powerful tool to better understanding the influence of neuromodulators on brain states.
Conclusions and Functional Significance of the Results
Here, we provide the first empirical evidence that enhanced NE transmission induces large-scale reorganization of the brain networks. Despite the nonspecific nature of LC-NE projections, the tuning of functional connectivity reported here is in accord with the notion that neuromodulators changes the dynamics of cortical networks and provide the brain with a complex and dynamic yet contextually specific palette of brain states (Harris and Thiele 2011) , allowing us to interact optimally with our environment in a context-dependent way.
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